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ABSTRACT 



The spin-applied poij siloxane film Fulu rrex 1CI-200 has been examined for use as a planarizing component of the di 
electric layers of high density integrated circuits utilizing multiple levels of interconnecting metallization. The thickness 




turn Jrom 1.4 1 -J to I.43B. Despite this large reduction in thickness, the stress of the film is low (i.7 >. MP dyn/cm 2 tensile) 
alter 0 r plasma curing. Etch rates of the thermally and O-plasma cured films in HF and P-oteh solutions sukeestthat the 
unjanosilicon material becomes porous and inuiganir-like after exposure to the O, plasma in a barrel reactor This is 
♦ported by the Fourier transform infrared tPPIH) spectra of the material; after curing in an O. plasma the band assign* 



in th is apparently more porous framework. 
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An devices arc reduced to smaller dimensions and the 
complexity of integrated circuits increases, the area which 
is allocated to the device interconnection network be- 
comes a significant impediment to continued dimensional 
scaling / J). This limitation may be alleviated and greater 
circuit flexibility may be realized by the use of multiple 
levels of interconnecting metallization (2-4). However, for 
high density circuits with tight metal pitches and narrow 
metal lines f- <2 \irt\u the topography is so severe that di- 
mensional control of lines formed oversteps may be corn- 
promised. This results in (i) narrowing ("necking") of 
ndaJ lines, nil physical discontinuities along metal lines 
A/hich traverse very abrupt steps, and (iii) generally poorer 
"eature resolution, alt of which may It ad to higher circuit 
-esistance as well as inter- and intraJe^el metal shorting. 

These limitations on circuit performance and circuit de- 
;igu which are imposed by extreme topography may be 
iveivmoe by smoothing or planarizing the dielectric layers 
vhich separate levels of metallization by the etchback ap- 
voach i5). However, planarization of a dielectric of a high 
tensity circuit which is formed b> conventional low pres- 
ure chemical vapor deposition fLPCVDj by this com- 

• nonly employed method is particularly challenging be- 
ause this deposition technique essentially replicates the 
ndei lying uneven topography. In addiuon, since the tenv 
■emture for deposition of the dielectric over aluminum 
letaihzations cannot exceed] -600°C. the. resulting step 
ov«age \is semieohform^ -leading to cusps and stress 

e/ithih tHe dielKtwat ' thg.base ofabhipt steps and to the 
Jfrnutioh of voids within the film between closely spaced 
matures of significant step height t- : 500oAn6j. 
All of these dielectric planarization constraints (virtual 
.'plication of nohplanar substrates, noncon formal step 
•jverage, and void formation) may be alleviated by the use 
f a spin-applied dielectric (7-3&) in conjunction with a con- 
sntionai low temperature LPCVD film, such as SiOj. to 
■mi a nybrid intermetal dielectric film. In this paper, we 
istiibe the characterization of a commercially available 
micoated polysiloxane (R^Si-O-f— SiRr-b— )„— SiR,. 

s t'H J( C\H....:l, Futurrex IC1-200, 2 which bus been 
>eij in a planarization process developed for the e>- 
eniH y severe topography of high density CMOS circuits 
huh use interconnecting metal pillars and I M tn wide 
etui lines and spaces for all levels of metallization 
U. 11). 
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Experiments 

Films of Futurrex IC1-200 were formed on 4 in. diarn sili- 
con wafers of |100| orientation by spin dialing at 3000 or 
6000 rpm. The films were then cured by baking on a hot 
plate at I9CTC in vacuo for 45s. Additional curing was per- 
formed for some samples in a convection oven at 250 *C for 
30 min, in a quartz furnace in a N 2 ambient at 450"C for 30 
min. by rapid thermal annealing at 450*0 for 2-4 min. or in 
a barrel reactor in an O, plasma t!2, 13 j for 2-30 mm. Film 
thickness and refractive index as a function of cure were 
determined simultaneously with a Gaertner Scientific 
Company LI 16 ellipsometer iHeNe laser, B32«A) or with a 
Rudolph Research El IV elJipsoineler f54o'l and 63J8A; 
Film thickness uniformity after thermal and plasma 
curing was assessed with an IBM 7840 Film Thickness An- 
aJyzer using the refractive index determined by ellip- 
sometry and a 14 point concentric grid with the orientation 
of the wafer fixed by the apparatus, oi withafive point pat- 
tern with the Rudolph ellipsometer in which the refractive 
index and the film thickness were determined at each 
point using the two wavelengths given above. The appro- 
priale thickness was then obtained by a thickness match- 
ing algorithm of the software which supports the ellip- 
someter (14). 

Etch rates of Futurrex IC1-200 as a f unction of cure were 
determined in 6:1 NH«F-buffered HF solution and P-etch 
solution 1 15) at room temperature (20* ± 1 °Ci. 

Stress measurements, also as a function of cure, were 
made with ultraflat <<0.5 u,m nonlinear thickness variation 
over a 50 mm scan) 4 in. diam silicon wafers of f 100] orien- 
tation by the radius of curvature method (JtM8) in which 
the stress, a, is given by Eq. f t| 

cr = \[EJ6(l - v,)](t,Vl r )(l/R)| [l) 

where £, (1.055 > to 12 dyn/cm 1 ) and u, (0.446) are Young's 
modulus and Poisson's ratio for the silicon substrate, t. 
and t, are the thicknesses of the silicon wafer and the spin- 
dielectnc film, respectively, and ft is the radius of curva- 
ture of the wafer. The value of R for the uncoated wafer 
was determined from a 50 mm trace with a Sloan Deklal; II 
profilometer centered at the middle of the wafer. The value 
of R resulting from sirens of the film was thi n determined 
by subtract^ the amplitude of the profilometer trace at 
the center of the wafer alter spin application of the film 
onto the wafer trom that measured along the same 50 mm 
trace before application of the lilm. 

Inn-are* I spectra of the alms as a function of rure were 
gathered in the ahsorha.n.e mode using a NiruJei Anal: li 
cal 1 noli u. nulla M)SX F.i.irur ua/isfom, bpec tropin >• 
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Hot plate hake at IWPC 45s 
Hot plate oaken lyox 45s 

450* C in f.'s, 30 rnin 
H.-tplnte r? a l:*»al 190 C 45s- 

450rinN ; .3»min; 

O. plasma. 30 min 
Hdt plate bake at 1.90 C 4. r »s 

0 : plasma, 30 rnin 



1422 
1432 : 



804 r 2 
886 ± 8 



1.414 : 3 
1.337 ♦ 5 

1429 * 2 
1.438 i 2 



t« meter (FTIR,. To minimize scattering of the infrared r*. 
dia tion rr«,m an irregular substrate. the films ^ JStod 
to nhnn wafers which were pr.lisl.eJ on hordes 

Discussion 

Film thickness and index of refraction as a fiirirti«« „r 

40 " f™ . €, ! ,a - "je Futurrex IC1-200 film shrinks by 
•40?,. from its m.tial thickness. A? shown in Fie 1 and 2 

nZll "i nkage 0eeun withi " th < fi" 2 5 g mi , a o n f d J: 
pnsure. The mdex of refraction fat 546IA) chanees n'» 

SJEESte h i , IS « mi *f r "".I tn « hat SfBhtet 

ness (see Fig. 1 1. Its value after cure at 190'C on a hot olai* 

m vacuo of 1.4 14 * 3 increases sharply to 1 .428 * a tS£ ex- 
posure to an 0? plasma in a barrel reactor for -3 mm ,Y 

curing in N, are not s.gnificantiy different. The decreased 
efrac ,ve mdex after the higher temperature Ueaimenf al 
Urough suggestive of an increase in the por.«i ty ofThefilm 
Tem or iom^"" °' T ° f eUhcr moisture f '"es dual ft 

S!5f* ™ fracuve intl « and concomitant film shnnka- 

a ern,ed e iT d r UP ? n direct °> plasma exposure „™ufou an" n! 
termed.ate treatment in an inert ambient (see Table it 
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of CL 5« " 3 barrel *•«*>«■ <"t However, aft-MO m in 

this spinln^ film Si0 ' ne,Works (20 -22»- Fnr 

at 45(i»C in N. or Ar iSe S h K haw been cured 

Tool. II. Etch rot. of F« unn ,ci.200 .. P-eh* nMon u 0 
function of cure* 



Curing procedure" 



P-etch rale 
(A/sr 



10 '5 20 25 30~ 
O, Plasma Eipo$ur« (min) 

iror.c mode ond then formed by ip.nmng ot 3000 rem. 



IJ>0r(45«i 

190'C f45s). Ar at 450 C (4 minr' 

iO ; . plasma (2 rnin» 
O: plasiP8/5 mini 
O, plasma 110-30 mini 
N 2 ai450'Cf30 mini. 

dermal Si( V O:P,aSma(30mil " 



-3 
-2 

-3 
* inn 

- 1 15 

>2S0 
>250 



c. 



M U LTJ L£ V KL M ETA L L J ZATlOi J 



1 c'uJi 



Teble Ml. Sirtt* cl Fufurre* IC1- 2(Xl «"th cure 



ihickue^ iAi* 


L 111 7 






5602 






' Jli' llejiSUVl 


J172 


I Mr*, ftirv 


O.hB 


• 10" HeiiiiUi 


4520 


liiO'.JSu-c, 


IVJb 


> 10' lltilallel 




Oj, 1 min 






4uoa 


11*0', 450 C. 


J. ? 


• iD'liLlolle) 




0., 5 mi.i 






]J25 W 


190-C. 


1.3 


>: tu'tieusilej 




O., 30 min 




* JO' I compressive) 




CVUSiOj c 


1.3 


2820/1316** 


190*. 450*C. 


0.6 


:« 10 9 icompressivel 




Oj. 30 rnm 







•Three suiresiive cnitinjs at 3i>00 rpm unless indicated oth- 

b Out cbbluitf applied at 30OU rpm. 
Umioped SiO, deposited by LPCVD methods at 3BUL by reac- 
turn oJ'.SjHi and D 2 - lft ,. mC7 . 
a Composite slim lure composed mI itiioA undoped LPL VD SjOj 
v covered with I316A of Futurrex ICI-20U which iwas baked at 190'L 
for 45s. and Ihiu cured at 450'C in N, and in an u, plasma. 



produce a porous structure which is more easily attacked 
by HF and P-etch solutions than the film which is cured in 
an inert environment of N 2 or Ar. In addition, the films 
which were cured in an O a plasma were also shown to etch 
at a v e rv high rate in a L*F,-basrd plasma in a parallel plate 
reactor, as rnignl be expected f»jf a puruus material com- 
posed ol silicon, oxygen, and carbon. In companion, when 
cured at li)0°C mwjcuo, Futuife.< JCI-20U etches at 4300 
A/min in the CF 4 plas/na of the parallel plale reactor 1.23). 
which is significantly Jess than the etch rate of the film 
after exposure to the 0 2 plasma of the barrel reactor 
t?\ 0,000 A/niin). 
* As noted above tsee Table 1 and Fitf. 1 and 2), the Futur- 
re.\ IC1-200 film shrinks dramatically upon exposure to an 
Of plasma. Despite this large reduciion in thickness, the 
stress in the iilm remains low (see Table III), increasing 
slightly with both thermal and plasma cure but reaching a 
value which is similar in magnitude but opposite in sign to 
that of undoped LPCVD SiO* formed at 380°C by the reac- 
tion ufSiH, and 0 A . Consistent with this is the observation 
that the films treated with an Oj plasma crack on un pat- 
terned wafers only at as-spun ihicknesses greater than 
urn. Films which were applied at thicknesses <0.2 
M>n directly over U.7 u.m high steps consisting of 1.0 urn 
li-ies and spaces did not exhibit cracking. Since films with 
thicknesses between 0.^ and 0.35 pm were not examined, 
their stress relief behavior ii.e. r cracking) is not certain. 
However, significantly thicker films r>0.35 u.ni) obtained 
by multiple spin-coatings at 300U rpm per coat showed 
pronounced cracking over this topography. 3 

The JTIR spectra of the cured films are presented in Fig. 
3 ami Av'As shoWn in Fig: 3, the spectra alTer ruring at 190 , 
250 , and 450°C are virtually supenmposable from 280 to 
1810 cm"', indicative of no detectable change in the con- 
tent or composition of the film over this temperature 
range. After exposure to an 0 2 plasma, the absorptions at 
1272 cm 1 are absent, while absorptions near 1025 and 1110 
cm 1 of the thermally cured film coalesce at -1000 cm*' 
isee Fig. 4 j. The peak at 1272 cm" 1 has been assigned to 
C- H vibrations of CH 3 substituents 02) of organosilicon 
films, while that at -1060 cm" 1 is close to the Si— O— Si 
streiching vibration (21, 24) in undensified l.PCVD SiO ; 
Hup spectrum in Fig 3). As discussed by others (21 24). the 
puaition of the Si— O — Si stretching vibration in deposited 
SiO. varies with stoichiometry, ranging from -940 cm' 1 in 
u:\>gen deficient films to -1075 cm' 1 in stoichiometric 
SiO,. It is noteworthy that, as shown in Fig. 4 : the FT1R 
spectra of the films which were not exposed In the 0 2 
plasma are featureless from -3100 to 3(300 cm* *, while that 
ol the film exposed to the plasma displays a broad, h*w in- 
tensity band in this region. These latter absorptions may 
be ijiij io Ihe presence nf water and Si— Oil groups (21) 

''ih H -her films wtrp obtained hv suoressively spuming at 301)0 
rpm jimI Imkn,^ at IDO* C feir 45s on :j hoi ptale 'vilh nu .»ihei farm of 
**in iii^ U iwe.-n spi.i uppli rail inns. 



FTIR Spectra of Futumu CI -200 
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Fig. 3. FTIfcipectro of thin films of futune* IO-200 between 280 
ond 1810 cm 1 on double* polished stngle-cryslol silicon voters os o 
function of cure. Film thicknesses, as o function of cure, ore given in 
Toole I. The bottom spectrum is thot of the double-polished single-crys- 
tal silicon wafer; the top spectrum is thot ol undoped LPCVD SiO-, de- 
posited of 380*C by reoction of SiH 4 ond 0 2 . 



Difference FTIR Spectrum of 
Futurrex IC1-200 
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Fig. 4. Difference FTIR spectra of thin films of Futnrre* 1C1-200 be- 
tween 330 ond 1410 cm"' on double-polished single-crystol silicon wa- 
fers as o function of cure. Film thicknesses, as o function of cure, ore 
given in Table I. The obsarptions of the silicon substrate have been 
subtracted from these spectra. The lower spectrum is offer thermol cure 
at 190'C on a hot plote for 45s; trie middle spectrum is after on addi- 
tional thermol cure ot 450X in H 2 for 30 min; the upper spectrum is 
after thermol cure at 190*C on o hot plote for 45s ond plasmo cure in 
Oj in o barrel reoctor for 30 min. The spectra of these films, in the same 
order, f rem 2700 to 4 1 00 cm' 1 ore shown in the upper right -hond cor- 
ner. The brood obsorption of the 0 3 plosmo-cured film (top spectrum) 
may be due to bound woter os well os the Si-— OH groups formed from 
absorbed moisture. 



which may have formed as a consequence of the absorp- 
tion (and subsequent reaction) of atmospheric moisture by 
a porous film. 

Conclusion 

The behavior of Futurrex JC1-200 as a function of ther- 
mal and 0 3 plasma curing is somewhat pun J in g. The in- 
crease in the .ndex nf refraction and the concomitant de- 
crease in the film thickness with 0 2 plasma exposure 
suggests 1hat the male rial has been clensified by this treat- 
ment, a conclusion which would appear to be consistent 
with Ihe coalescence, sharpening, and increase in intensity 
of Ihe FTIR absorptions at - 10(50 cm *. On the other hand, 
the extremely high etch rales m" I lie films ullcr U. piasu.u 
treatment is suggestive of a porous, Inw ijiialily undrn- 



wiwi« film.' JiM.lr^l, i„..str».r ♦ ;i v?iy |., f .r-l. |.,iv in. 
tensity ulisuipliuri 1*1,4 at 3 1 UU.'WU t in 1 unlv fui il,c 
cured film is evidence (or the existence of absorbed watt'r 
molecules and bound OH groups (as Si-OH> within ;j po . 
rous medium. The changes in the FTIR spectra between 
-1000 and -1300 cm ' aflei 0 : plasma treatment imply 
that additional oxygen atoms have been incorporated into 
the- film and that the concentration of methyl substiluenls 
ol the nnlysiloyaiiAhas been diminished by oxidation- that 
is. the film is now moie inorganic. The position and nar- 
wne " ,,r ,he ^ - J0TJ0 cm' is probablv a conse- 

quence of higher oxygen content and hence inorp 
Si— o_ Sl bonding in a less strained, porous network. AI- 
thoueli the FTIR spectra of the films after thermal treat- 
ment II9U\ 250'. nnri 4.WC) are virtually identical, the 
change in index of refraction (see Table I) with tempera- 
ture suggests that a reaction, possibly incipient polvmer 
cross-linking, occurs between 190* and 450"C 

Interestingly, the increase in tensile stress of the film 
with O* plasma exposuie might not hr- expected for an un- 
dented, porous Him. Presumably, this increase in stress 
despite apparently greater porosity, may be due to a 1 
greater disparity in the lineai coefficients of thermal ex- 
pansjon f2i ) of the silicon substrate and the O^.-ured film 
than cx.su for thos* films of Puturrex 1CI.200 which have 
not been exposed to this pbsma. 

H^t d r^ rib , ed elsewhere ao >- incorporation of this mate- 
rial at a thickness of -0.2 urn (single coatin? at 3000 rpm) 
as a component of the intermelal dielectric has yielded sig- 
nifirantly improved topography after resist etchback pla- 
nanzstion. In addition, application of the film over severe 
topography prior to low temperature LPCVD of SiO, re- 
sults in the elimination of voids between closelv spaced 
underlying features and the necessary elecu-ica Isolation 
between adjacent metal fevers. Moreover, the dielectiic 

nro^T^^n^ Pri ° r 10 re3isl elc »^ack planarization 
are substantially more amenable to penalization since the 

rT V6re m f °? r3phy has becn smoothed with a spin-applied 
film (10) before the etching process is begun. Finally a. 
shown ,n Tabic III. the formation of composite structures 
(2.i) consisting of a deposited Si0 2 layer above or below a 
coating of Futurrex ICl-200 may yield dielectric layers 
u hich are particularly low in stress, since the deposited 
film and this spin-applied film are similarly but oppositely 
stressed. This eftect is advantageous for very high dens? y 
multilevel metal integrated circuits (18). ^sny 
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